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METHOD AND APPARATUS FOR 
SENSING THE ANGULAR 
POSITION OF A ROTATING 

MEMBER 

Cross Reference to Related Applications 

This application is a continuation-in-part of and claims the benefit of priority from 
copending application Serial No. 09/682,326 filed on August 21 , 2001 , having the 
same title. 

Background of Invention 

[0001] The present invention relates generally to a method and apparatus for sensing an 
angular position of a rotating member, and more particularly to a flexible quadrature 
coil circuit for use in an electric motor to facilitate sensing the angular position of a 
rotor. 

[0002] Dynamoelectric machines, such as electric motors, are used in numerous 

applications, such as air compressors, refrigerators and a wide array of appliances. 
The ability to manufacture these motors at a low cost and operate them efficiently is 
an important aspect of their utility. 

[0003] Electronic commutation permits efficient dynamoelectric machine operation. 

Electronic commutation controls the rotor by controlling the direction of the electrical 
current that induces rotor rotation. In order to maintain effective electronic 
commutation of the motor, it is important to accurately monitor the angular position 
of the rotor. Rotor position data is generally obtained by strategically placing sensors 
around the rotor inside the motor housing. 
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[0004] Some electric motor applications use Hall-effect position sensors to detect the 
angular position of the rotor. Typical Hall-effect position sensors for a single phase 
motor may require up to five wires, namely two leads for the motor, and three wires 
for the Hall-effect sensors. Because of its numerous connectors, Hall-effect sensors 
are difficult to add to a sealed motor system. Additionally, Hall-effect position sensors 
may be unreliable in some applications. 

[0005] Quadrature coil sensors provide a low-cost alternative to the Hall-effect sensor 
for detecting the rotor angular position for commutation. Quadrature coil sensors 
provide accurate information, and can be added to a sealed motor system using a 
minimal number of wiring leads and connectors. 

[0006] The use of quadrature coil windings to detect rotor angular position in electric 
motors is generally known. For example, U.S. Patent Nos. 5,796,194 and 5,989,419 
disclose the use of a quadrature axis winding for sensorless rotor angular position 
control of a single phase permanent magnet motor. 

[0007] Patent No. 5,796,194 discloses a quadrature axis winding for generating an 

output signal representative of rotor angular position. The quadrature axis winding is 
positioned out of phase from a main winding of the stator and is wound between the 
center notches of the stator teeth. 

[0008] Patent No. 5,986,419 discloses a quadrature axis winding wound between the 

center notch of two teeth of the stator. A pre-wound quadrature axis is first wound on 
a forming tool. The winding includes an insulated enamel wire covered with a plastic 
jacket. U.S. Patent Nos. 5,764,1 94 and 5,986,419 are assigned to assignee of the 
present invention and are incorporated herein by reference in their entirety. 

[0009] Patent No. 5,31 3,1 28 to Robinson et al. discloses a flexible printed circuit 

including a plurality of electrical paths surrounded by a sheath of pliable MYLAR 
plastic. The flexible printed circuit is attached to a stator assembly with each winding 
wire wrapped around three separate poles. U.S. Patent No. 5,313,128 is also 
incorporated herein by reference in its entirety. 

[0010] Industrial standards for insulated lead wires used in electric motor windings 

require that ground insulation material pass an eighteen-month thermal aging test. 
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Flexible laminated circuit technology, which uses plastic-type insulation material, 
eliminates the need for lead routing insulation, and complies with such industrial 
standards. 

[001 1] Accordingly, it is desirable to provide a laminated flexible quadrature coil sensor 
circuit for detecting the angular position of a rotor that is cost-effective to 
manufacture and simple to install or retrofit to a motor. 

Summary of Invention 

[0012] In accordance with one embodiment of the present invention, a flexible 
M quadrature coil circuit is provided for use in an electronically commutated 

pi dynamoelectric machine for sensing the angular rotational position of a rotor relative 

f l to a stator. The stator has a plurality of stator teeth, with each tooth having an 

41 inwardly facing arcuate surface with at least one elongated rib and a channel disposed 

along a vertical axis of the tooth. The flexible circuit includes a flexible electrically 
• nonconductive substrate with a plurality of slots formed in the substrate. The slots are 

configured to receive the corresponding elongated ribs so as to releasably secure the 
substrate to the arcuate surface of the stator tooth. At least one continuous electrical 

p conductor is embedded in the substrate in a serpentine pattern so that the continuous 

til 

conductor forms a plurality of spaced apart vertical conductor portions disposed 
between selected slots. The conductor portions are vertically aligned with and are 
received into the channel of the stator tooth when the flexible substrate is secured to 
the arcuate surface of selected stator teeth. 

Brief Description of Drawings 

[0013] The various objects and advantages of the present invention will become apparent 
to those of ordinary skill in the relevant art after reviewing the following detailed 
description and accompanying drawings, wherein: 

[0014] FIG. 1 is an end elevational view of a specific embodiment of a stator core having a 
flexible quadrature coil circuit shown operatively mounted within an inner 
circumference of the stator; 

[001 5] FIG. 2 is an enlarged perspective view of a specific embodiment of a stator tooth 
showing four elongated ribs and a center channel; 
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[001 6] FIG. 3A is a perspective view of the flexible quadrature coil circuit of FIG. 1 shown 
In a flat configuration; 

[0017] FIG. 3B is a perspective view of the flexible quadrature coil circuit of FIG. 1 shown 
as curled or bent prior to insertion into the stator core; 

[0018] FIG. 4 is an enlarged end view of the stator pole of Fig. 1 showing a conductive 
wire received proximal the channel of the stator tooth; 

[0019] FIG. 5 is an end elevational view of an alternate embodiment of the stator core of 
FIG. 1 ; 

[0020] FIG. 6 is a perspective view of an alternate embodiment of a flexible quadrature 
coil; and 

[0021] FIG. 7 is an enlarged end view of a stator pole showing a flexible quadrature coil 
having three conducting wires. 

Detailed Description 

[0022] While the present invention is susceptible of embodiment in various forms, there 
is shown in the drawings a number of presently preferred embodiments that are 
discussed in greater detail hereafter. It should be understood that the present 
disclosure is to be considered as an exemplification of the present invention, and is 
not intended to limit the invention to the specific embodiments illustrated. 

[0023] Fig. 1 illustrates a specific embodiment of a stator core 1 2 with a flexible 

quadrature coil circuit 1 4 operatively coupled within the stator core. The stator core 
12 has a generally cylindrical configuration defined by an outer circumferential 
portion 1 6 and an inner circumferential portion 1 8. 

[0024] 

The stator core 1 2 is formed with a plurality of adjacent poles 20. Each pole 20 
terminates in a stator tooth 22 that extends radially inwardly from the outer 
circumferential portion 16 toward the inner circumferential portion 18. Preferably, the 
stator teeth 22 are arranged at regular angular intervals and preferably, an even 
number of such stator teeth exist. A rotor (not shown) rotates within the space 30 
defined by the inner circumferential portion 1 8. A small air gap exists between the 
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rotor and the stator teeth 22. 

[0025] In the illustrated embodiment of Fig. 1 , the stator core 1 2 is shown having twelve 
poles 20. However, the stator core 1 2 may have any suitable number of poles 20 
without departing from the scope of the present invention. As more clearly shown in 
Fig. 2, each stator tooth 22 may preferably include at least one center channel 32 
recessed into the stator tooth at a midpoint or centerline 34 (longitudinal axis) of the 
stator tooth. The channel 32 may be relatively shallow, as will be described 
hereinafter. Four elongated ribs 36 may protrude from an inner circumferential 
surface 38 of each stator tooth 22 toward the center of the stator core. The ribs 36 

j;;:: are generally parallel to the longitudinal axis 34 of the stator core 1 2, which 

p longitudinal axis is parallel to a rotational axis 40 (Fig. 1) of the rotor. Of course, any 

suitable number of ribs 36 may be provided. For example, two to eight ribs 36 may be 

4} provided on each stator tooth 22. The stator teeth 22 and the ribs 36 establish the air 

Li gap between the stator 1 2 and the rotor. 

© [0026] Referring now to Figs. 3A and 3B, a specific embodiment of the flexible 

fjjj quadrature coil circuit 14 is shown. Fig. 3A shows the flexible circuit 14 in a flat 

J*; configuration while Fig. 3B shows the flexible circuit curled or bent so as to fit within 

f|f the inner circumferential portion 18 of the stator core 12. The flexible circuit 14 is 

formed as a flexible laminated substrate 44, which is generally planar and rectangular 
in shape. However, the substrate 44 may be formed in any suitable geometric shape. 
Preferably, the substrate 44 is made out of a flexible, electrically non-conductive 
material, such as MYLAR, plastic, and the like, and is preferably formed as two layers, 
which are bonded or laminated together using means known in the art. The flexible 
circuit 14 has a relatively thin, sheet-like cross-sectional thickness. Preferably, the 
flexible circuit 14 has a cross-sectional thickness between 5 mils and 7.5 mils. 
However, the flexible circuit 14 may have any suitable cross-sectional thickness, 
depending on the size of the motor, without departing from the scope of the present 
invention. 

[0027] 

An electrical conductor or conducting wire 50 is embedded in the substrate 44 
between the laminated layers, thus forming the flexible circuit 14. The electrical 
conductor 50 is shown in dashed lines. The conducting wire 50 travels within the 
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substrate 44 in a serpentine or "square-wave"like manner. In the illustrated 
embodiment, the conducting wire 50 travels through the substrate 44 from a first end 
54 of the flexible circuit 14 to a second end 56 of the substrate, essentially spanning 
a width 70 of the flexible circuit. The conducting wire 50 exits the substrate 44 near 
the first and second ends 54 and 56 to provide an electrical coupling to the electronic 
circuitry (not shown) that detects the rotational position of the rotor. Of course, the 
pattern of the conducting wire 50 is not limited to a square-wave configuration, and 
any suitable pattern may be used. The edges of the pattern need not be square and 
may be smooth or sinusoidal. Also note that the quadrature "coil" is essentially flat. 
That is, it does not coil about or fold upon itself, as does a conventional coil or 

O winding. Rather, it is linear coil. 

m. 
W 

fir! 

lYj [0028] In operation, when the rotor rotates, the magnetic poles of the rotor pass by the 
conductive wire 50 embedded in the flexible circuit 14. The magnetic poles of the 

111 

14 rotor induce an electrical current in the conducting wire 50, thus creating a plurality of 

electromagnetic fields. The magnetic fields induce a current perpendicular to the 

•p magnetic field, which is parallel to the conductive wire of the flexible quadrature 

circuit 14. The polarity of the rotor magnet seen by each stator tooth 22 alternates 

Kl between north and south in a manner proportional to rotor rotation. The position of 

ru 

the rotor may then be calculated based on the induced alternating current within the 
flexible quadrature circuit 14. The electronic circuitry, which may be coupled to ends 
of the conducting wire 50 of the flexible circuit 1 4 to detect the position of the rotor, 
and the theory of operation of such detection circuitry is known in the art, and is 
described in U.S. Patent No. 5,986,41 9, which patent is assigned to the assignee of 
the present invention, and is incorporated herein by reference in its entirety. 
Accordingly, the theory and operation of such detection circuitry is not described 
further. 

[0029] Stj || re f errjng to Figs. 2, 3A, and 3B, as described above, the flexible circuit 14 is a 
thin flexible sheet of plastic-like material that may be smoothly bent or curved so as 
to conform to the contour of the inner circumferential portion 1 8 of the stator core 
12, as particularly shown in Fig. 3B. Preferably, the substrate 44 has a width sufficient 
to permit the substrate to cover each of the twelve stator teeth 22 such that the first 
and second ends 54 and 56 of the substrate are in relatively close proximity, but do 
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not overlap, when the flexible circuit is curled or curved to fit within the stator core 
12. 

[0030] The flexible circuit 1 4 may include a plurality of vertical slots or cutouts 60 

formed within a portion of the height of the flexible circuit. Preferably, the slots 60 
extend for most of a height 62 of the flexible circuit 1 4. Of course, the slots 60 do 
not, and cannot, extend through the entire height 62 of the flexible circuit 14, 
otherwise the flexible circuit would be cut apart. The slots 60 define support columns 
or bars 64 disposed on either side of the slots, where the material has not been 
removed. The support columns 64 are formed of the thickness of the flexible circuit 
£** 14, and thus may be thought of as "two-dimensional" support columns because the 

ij....J 

Q flexible circuit is relatively thin. The slots 60 and the support columns 64 are 

l\l rectangular in shape and preferably spaced parallel to each other and are parallel to 

•j? the longitudinal axis 34 of the stator 12. 

Ill 

[0031] Note that the ribs 36 and the slots 60 need not necessarily be elongated or 

continuous along the entire height 62 of the stator tooth. For example, in an alternate 

vij.-.s 

III embodiment, the ribs 36 may be in the form of a plurality of vertically aligned bosses 

or raised projections placed along a portion of the height of the stator tooth. In that 

fU case, the slots or cutouts in the flexible circuit would be in the form of a plurality of 

corresponding apertures. That is, each boss or raised projection would fit into the 
correspondingly shaped aperture in the flexible circuit. The wire conductor would be 
similarly routed vertically between the apertures so as to align with channel. 

[0032] 

In the illustrated embodiment, the slots 60 are positioned in a generally parallel 
spaced relationship to each other and correspond to the ribs 36 that project from the 
surface 38 of the stator tooth 22. Note that for purposes of illustration only, the stator 
tooth of Fig. 2 is not drawn to scale and does not necessarily match the scale of the 
flexible circuit 1 4 of Fig. 3A. When the flexible circuit 1 4 is bent or curved to fit within 
the inner circumferential portion 18 of the stator core 12, each rib 36 projects 
through and is retained by the corresponding slot 60. Although the flexible circuit 14 
is bendable, it retains a degree of stiffness such that a slight frictional fit between the 
slot 60 and the rib 36 is formed. This, in part, helps retain the flexible circuit 14 
within the stator core 1 2. Additionally, the natural tendency for the flexible circuit 1 4 
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to "uncurl" and assume a flat shape assists in maintaining the flexible circuit within 
the stator core 1 2 and flush against the arcuate surface 38 of the stator teeth 22. 
Further, the flexible circuit 14 may be spot-glued to the surface 38 of the stator tooth 
22 using a suitable chemical adhesive. 

[0033] In the specific embodiment of Fig. 3A, the flexible circuit 1 4 may have forty-eight 
slots 60 along its full width 70. This corresponds to the forty-eight ribs of the stator 
teeth 22, where each of the twelve stator teeth have four ribs 36. For purposes of 
clarity, not all of the forty-eight slots 60 are shown in Fig. 3A. However, any suitable 
number of slots 60 may be formed within the flexible circuit 1 4 without departing 
from the scope of the present invention as long as each rib 36 is received into a slot 
or is not blocked by a solid portion of the substrate 44. Because there are forty-eight 
slots 60, there are forty-nine support columns 64, including the end columns. 
Alternatively, there may be more slots 60 than ribs 36, in which case, only certain 
slots would receive the rib. Also, the slots 60 may be wider so as to accommodate two 
or more ribs within a single slot. 

[0034] As shown in Figs. 3A-3B by dashed lines, the embedded conducting wire 50 

travels through the flexible circuit 1 4 along selected support columns 60. According 
to one specific embodiment, the conducting wire 50 may travel through every fourth 
support column 60. This is because there are four ribs 36 in each stator tooth 22 and 
the support column 60 containing the embedded conducting wire 50 aligns with the 
center channel 32 (Fig. 2). As described above, the conducting wire 50 is embedded in 
a "square-wave" type configuration. Because the conducting wire 50 is embedded in 
the spaced apart support columns 64, it must necessarily run along a portion of the 
width 70 of the flexible circuit 14, namely, along top 72 and bottom 74 lateral edges. 

[0035] 

In this way, when the flexible circuit 1 4 may be installed within the stator core 1 2 
such that the support columns 64 having the embedded conducting wire 50 are 
aligned with the channel 32 (Fig. 2) of each stator tooth. The depth of the channel 32 
of each stator tooth 22 may be very slight, so long as it is sufficient to accommodate a 
slight "bulge" 80 (Fig. 4) in the support column 64 caused by the embedded 
conducting wire 50 running through that support column 64. This prevents the 
support column 64 of the flexible circuit 14 from bulging inwardly toward the center. 
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This further insures that the flexible circuit 1 4 will not be nicked by or interfere with 
the spinning rotor. Alternatively, the substrate 44 may be sufficiently thick so that the 
embedded conducting wire 50 causes no bulge in the flexible circuit. In such a 
situation, the support column 64 would not be received into the channel 32 (Fig. 2), 
but rather, would be disposed proximal to the channel 32. 

[0036] Note that the bulge 80 is not shown to scale in Fig. 4 (nor in Fig. 7), but rather, is 
shown exaggerated for purposes of illustration only. Additionally, the position of the 
wire and the diameter of the wire within the thickness of the flexible circuit 1 4 is not 
shown to scale in the drawings, for purposes of illustration only. 

CI [0037] Referring now to Figs. 2, and 3A-3B, the height 62 of the flexible circuit 14 may 

P ' 

be equal to the height of the stator tooth 22. In this case, to secure the flexible circuit 
14 in a flush manner against the arcuate surface 38 of the stator tooth 22, the 
||! elongated ribs 36 may be shorter than the full height of the stator tooth. In particular, 

a margin area 81 may exist along top and bottom portions of the stator tooth 22, as 
C! shown by dashed lines in the ribs 36 of Fig. 2. Alternatively, the ribs 44 may extend 

||| for the full height of the stator tooth 22 and the height of the flexible circuit 14 may 

*i}f be slightly greater than the height of the stator tooth so that the top 72 and bottom 

|i| 74 lateral edges of the flexible circuit 14 extend above and below the ribs 36. 

[0038] The first and second ends 54 and 56 of the flexible circuit 14 may terminate in a 
flap or tab portion 82, which may be defined by a permanent bend or folded portion 
in the flexible circuit. As shown in Fig. 1 , the tab portion 82 of the first and second 
ends 54, 56 are folded over and grip outwardly extending ears 86 of the stator tooth 
22 so as to additionally secure the ends of the flexible circuit 14. The tabs 82 
preferably extend along the entire height 62 of the flexible circuit 14, but need not 
necessarily do so. Alternatively, the tab 82 portions may be separate from the flexible 
circuit 14 and may be attached thereto by chemical adhesive, ultrasonic weld, heat 
weld, or other suitable method known in the art. 

[0039] Referring now to FIGS. 5-7, an alternate embodiment is shown where like 

reference numbers will be used to designate like structures throughout the various 
views. In this specific embodiment, the flexible circuit 1 4 may engage less than all of 
the stator teeth 22. In particular, Fig. 5 shows the flexible circuit 14 spanning only 
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four of the twelve stator teeth 22. Again, as shown in Fig. 5, the tabs or flaps 82 of 
the flexible circuit 1 4 engage the ears 86 of distantly spaced stator teeth 22 to assist 
in retaining the flexible circuit in place. Because less material is used, that is, a shorter 
section of the substrate 44 is used, the manufacturing cost is reduced. The flexible 
circuit 1 4 can be configured to engage any desirable number of stator teeth 22 
without departing from the scope of the invention. 

[0040] Figs. 6 and 7 show multiple turns of the conducting wire 90 embedded in the 

flexible circuit 14. When a shorter width of substrate 44 is used, the induced voltage 
caused by the rotor magnets is reduced. To provide an induced voltage of sufficient 
J** amplitude, multiple turns of the conducting wire 90 are embedded in the flexible 

C) circuit 14. The multiple turns of the wire 90 increase the amplitude of the signal 

f..\ delivered by the flexible circuit 14. Each of the multiple turns of the conducting wire 

H c 90 are insulated or separated from the other turns of wire. This may be achieved by 

m use of insulated wire, or by strategic placement and separation of the wires as they 

are embedded in the substrate 44. Any suitable number of turns of the conducting 
£ wire 90 may be embedded in the flexible circuit 1 4 to provide an appropriate output 

j\ voltage level without departing from the scope of the present invention. Of course, the 

bulge 80 caused by the multiple turns of the wire may be greater than the bulge 

III 

caused by a single turn of the conducting wire if the same gauge wire is used. 

[0041] Note that as shown in Fig. 6, the colls of the conducting wire 50 are shown as 
"changing direction" or following a U-shaped path at opposite ends. This pattern 
permits the conducting wire 90 to exit tnle substrate 44 without overlap. Alternately, 
the conducting wire, while still following the overall serpentine pattern, may 
nonetheless follow the perimeter of the piWious coil so as to form a "spiral" while 



maintaining the overall serpentine patter^ 



[0042] 



In this configuration, the conducting wire 



50 would cross over itself upon exiting tfus substrate 44 at one end. 

From the foregoing it will be understood that modifications and variations can be 
effectuated without departing from the true spirit and scope of the novel concepts of 
the present invention. No limitation with respect to the specific embodiments 
illustrated is intended or should be inferred. The disclosure is intended to cover by the 
appended claims all such modifications as fall within the scope of the claims when the 
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claims are properly interpreted. 



u 
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